Circular cross section rods of high performance (Bi , Sb) 2 (Te , Se) 3 thermoelectric alloys were produced from pure element pellets by mechanical alloying followed by a hot extrusion process. The fabrication of thermoelectric coolers usually starts by slicing thin (0.5-1.5 mm) disks of extruded alloys which are then submitted to quenching, with a concomitant thermal shock, during the metallization process. We have experimentally determined important material properties such as specific heat, thermal conductivity and coefficient of thermal expansion, in order to evaluate the thermal shock resistance of these materials, using numerical simulations. We have experimentally estimated the heat transfer coefficients obtained while quenching the disks in a bath of soldering alloy, and the anisotropic elastic properties and their spatial variations within the rod were measured by ultrasonic techniques. Numerical 2-D simulations of the quenching process were used to estimate the evolution of mechanical stresses during the heat exchanges. The stress levels are used to interpret quench test results obtained in water-based solutions and in 95%Sn-5%Sb soldering alloy at different temperatures. The behaviour of textured hotextruded alloys is discussed.
Introduction
Presently most thermoelectric modules in production for Peltier cooling near ambient temperature are based on bismuth telluride alloys due to their inherently higher performance. The common way to produce such alloys consists in directional solidification in order to obtain preferential alignment of the crystal structure to take advantage of the anisotropy of thermoelectric properties. Our research group has developed over the last ten years a method to produce bismuth telluride alloys from powder metallurgy. The mechanical alloying and hot extrusion processes have been described in great details elsewhere [1] [2] [3] . The polycrystalline materials resulting from this production route are highly textured and oriented in a favorable way to enhance the modules thermoelectric performances.
Apart from the anisotropic thermoelectric properties, the extruded materials possess mechanical properties that are an order of magnitude higher than those of single crystals of the same chemical composition [4] . Although the mechanical strength is also anisotropic showing weak planes in a direction parallel to the extrusion axis, the higher strength suggests the feasibility to produce thinner thermoelectric modules since it becomes possible to cut thinner slices of the materials for the production of the legs. Recently, results have been published by other researchers showing module legs as short as 200 µm [5] . The major advantage in the use of thinner modules is in the increased power density that can be pumped from a given device. However, thinner modules also mean higher thermal gradients in the legs resulting in higher thermal stresses that could lead to the fracture of the material.
The thermoelectric materials are also exposed to thermal shock during the metallization and soldering processes. A detailed study concerning the electroless deposition of nickel diffusion barrier on bismuth telluride obtained by powder metallurgy has already been reported [6] . After metallization of discs cut from the extruded rod, a soldering layer is necessary to permit module assembly. For this purpose, the Ni-coated discs are dipped in a bath containing molten soldering alloy, subjecting the material to severe thermal shock. The goal of the present study is to identify the limiting conditions for our n and p-type bismuth telluride alloys to resist thermal shock.
Experimental Procedure
To evaluate experimentally the strength of polycrystalline bismuth telluride alloys, different compositions and metallurgical states were investigated. The n-type materials consist of (Bi 0.95 Sb 0.05 ) 2 . The resulting figures of merit are 2.8 × 10 -3 and 3.3 × 10 -3 K -1 for n-type and p-type alloys respectively. For n-type alloys, discs obtained from rods with different densities were evaluated since a low level of porosity can induce significant variation in thermal and mechanical properties.
Before simulating the thermo-mechanical behavior of the materials in quenching conditions, it is necessary to evaluate the convective heat transfer coefficient between the surface of Ni-coated bismuth telluride discs and different bath fluids at various temperatures. For that purpose, discs of 25.4 mm diameter and 5 mm thickness were cut from the extruded rods by means of a diamond blade mounted on a dicing saw. The thickness of the discs was chosen to allow inserting, along its radius, a thermocouple reaching the center of the disc. The measurements of the temperature variation after quenching ntype and p-type materials under different conditions were used to determine the heat transfer coefficient by fitting the experimental results with the simulated results using ABAQUS. Quenching in hot water, high temperature heat transfer oil and 95%Sn-5%Sb soldering molten alloy were carried out to vary the severity of thermal shocks. Some of the typical quenching conditions are summarised in Table 1 . To determine the heat transfer coefficient from experiments and numerical simulation, it is also necessary to know the thermal and physical properties as a function of temperature. The density of a sample of each material was measured using the Archimede's method by weighing in water. Some materials were also tested using gas pycnometry to verify if open porosity could bias the results. The measured differences were less than 0.2% which indicates that there is practically no open porosity. The densities used for the different thermal analyses are listed in Table 2 . The specific heat c p of the specimens was measured by a modulated differential scanning calorimeter (model MDSC Q1000, TA Instruments). The results are shown in Figure 1 . These values are comparable to those reported in the literature for similar chemical compositions [7] [8] . Thermal diffusivity measurements were made from room temperature to 350°C. This property was determined by using the laser flash diffusivity method where the front face of a small disc-shaped specimen is subjected to a short laser pulse and the temperature rise on the rear face is measured and analyzed. The thermal diffusivity results are shown in Figure 2 . The thermal conductivity as a function of temperature has been calculated for each material from the knowledge of thermal diffusivity, specific heat and density. Due to the texture of the extruded polycrystalline rods, the a-axes of each grain are oriented preferentially parallel to the axial and tangential directions of the rods while the c-axis is oriented parallel to the radius. This particular texture is caused by the basic shear mechanism resulting in the alignment of slip planes parallel to the extrusion axis. As it was already reported [4], the coefficients of thermal expansion of p-type alloys were 18.6 × 10 -6 K -1 and 14.0 × 10 -6 K -1 in the radial and axial directions respectively. For n-type alloys, values of 16.8 × 10
-6 K -1 and 13.9 × 10 -6 K -1 were obtained respectively in the same directions. The particular texture of the extruded rods also influences the thermal conductivity. Experimental measurements lead to a ratio of the longitudinal to radial thermal conductivity of 1.26 for both n and p-type materials.
To translate the effect of thermal gradient into mechanical stress, it is necessary to evaluate the elastic constants in different orientations with respect to the geometry of the rods. In addition, it is known that texture varies along the radius of the rod. This implies that the elastic constants also vary along the radius. Therefore, for each of the three chemical compositions, three specimens were cut from a disc, as shown in Figure 3 . The rod specimens used for elastic stiffness measurements were different from those used for thermal analyses. Therefore, the different values of densities that were obtained are given in Table 3 . For each specimen, the compression and two shear sound velocities were measured in each of the three principal directions using ultrasonic transducers. The two shear sound velocities were measured with their polarizations direction parallel to the two principal directions perpendicular to the propagation direction. Therefore, there were three measurements for each of the three propagation directions for each sample. Assuming that the samples have an orthotropic symmetry, the measurements allowed obtaining six of their nine elastic constants. The three redundant measurements were used to build confidence and estimate the measurement error for the shear measurements. Denoting the elastic stiffness constants by C ij in the six index notation, the measured elastic constants are the diagonal elements and are given by: C ii = ρv i ², where ρ is the density and v i is the appropriate velocity. Table 4 . Despite the large variation around the average values, the difference between the heat transfer coefficients characterizing each quenching fluid is significant. The experiments carried out with Ni plated specimens did not show large differences compared to un-plated specimens even if the wetting of the soldering alloy is highly improved by this treatment. The elastic constants defined by the particular geometry of the extruded specimens are given in the graphs shown in Figure 5 . Some aspects of the crystalline texture can be clearly observed. As it was previously characterized [3] , the alignment of the weaker c-planes parallel to the extrusion axis and perpendicular to the radial axis of the rod becomes more important as we go from the center to the edge of the disc. modulus should be the same if measured from a sample taken at the center of the rod. This is illustrated by similar values of C rr and C θθ at the center of the disc. For the same reason, the tangential C θθ and axial C zz constants should be similar for r/R approaching unity. Globally, the values of the shear components are approximately three times smaller than those of the longitudinal ones. For n-type materials, the variation of the elastic constants is small in the center of the rod and becomes more important towards the periphery. For p-type alloy, the amplitude of the variation is more important. Another important observation can be made concerning the influence of material density related to porosity. As it could have been anticipated, higher pore contents lead to generally lower elastic constants since pores cannot sustain any stress. However, because of the texture effect, one cannot conclude that there is a significant variation of density from point to point along the extruded rods or along their radius.
The numerical simulations of the quenching process were carried out by using ABAQUS 6.5.1 with the conditions given in Table 1 . For 1.5 and 0.4 mm disc thicknesses, we used 39 × 5 and 156 × 5 quadratic 2D elements (type CAX8T) respectively. The properties of the materials were defined by considering the particular anisotropy of the extruded rods and, where applicable, an orthotropic behavior was assumed. The material orientation was kept to the default values that is: axis 1, 2 and 3 for the radial (r), the axial (z) and the tangential (θ) directions rescpectively. The texture was taken into account by dividing the model along the radius in 13 zones having different elastic properties. The results presented in Figure 5 were used to interpolate the elastic constants for each of these zones. Due to experimental difficulties, only six of the nine components of the stiffness matrix could have been measured. They are the following:
C 1111 = C rr C 2222 = C zz C 3333 = C θθ C 1212 = C rz C 1313 = C rθ C 2323 = C zθ The remaining C 1122 , C 1133 and C 2233 constants were estimated using the isotropic approximation as follow:
where C 1111 (iso) and C 2323 (iso) are the averages of the three first and three last diagonal components respectively. The error in so doing is not too detrimental to the quality of the results because these components are not highly sollicited in the present type of analysis.
Next we present graphical results for p-type material as an indication of the general behavior of the thermoelectric extruded alloys. The trends are identical for both n-type materials with low and high densities. The distribution of normal stresses in the radial and tangential directions in the disc during transient heating is shown in Fig. 6 . Considering the axisymmetry of the disc, the position of its center corresponds to the point at the upper left corner. We also present the stress distribution in a similar material by considering average values of properties in a hypothetical isotropic case (see c) and d)). During quenching in a hot medium, the surface of the disc undergoes compressive stress while the core of the disc is under tensile stress. In the same quenching conditions, it appears that maximum tensile stress is higher in anisotropic material. The maximum stress (for both radial and tangential directions) is always located in the center of the disc. The amplitude of the stress is obviously proportional to the sudden variation of temperature ΔT imposed to the disc specimens.
With time, the point to point temperature evolves with corresponding variation of stress. An axample of transient stresses obtained during heating and calculated at four different points in the mid-thickness along the radius of the disc is shown in Fig. 7 . Again we observe that for a given time, the tensile stress is always higher in the center of the disc. The amplitude of the tensile stress in the center is also larger than that of compressive stress elsewhere in the disc. Due to the brittle nature of thermoelectric alloys, it is much more important to consider the behavior of tensile stresses instead of compressive stress values. The trends and values obtained are similar for radial and tangential stresses. After transient heating of the disc, the equilibrium temperature is obtained everywhere in the volume resulting in a steady state. For the hypothetical isotropic materials, all stress components return obviously to zero. However, even when the temperature is homogeneous through the volume, stresses will remain high in anisotropic materials mainly because they origin from the difference of thermal expansion coefficients in the radial and tangential directions. The stress distribution at the steady state after heating is illustrated in Fig. 8 . Giving the predicted stress level, the formation of cracks during quenching could happen well before obtaining the steady state when the tensile stress in the disc reaches the mechanical strength of a particular material. As mentioned before, similar trends were obtained for ntype alloys and for different disc thickness. For the purpose of comparison, we present in Table 5 the maximum values of radial stress component obtained in steady state conditions. To obtain these maximum stress values, the mesh was refined near the center of the disc in order to gain more precision where the stress values are always maximum. This explains the slightly different results presented in Table 5 and shown in Fig. 8 for radial stress. The quenching conditions refer to those described in Table 1 . A  80  36  36  38  38  54  55  B  250  110  112  117  119  167  171  C  300  130  135  140  143  200  205  D  50  22  22  24  24  33  33 The first observation comes from the comparison of ntype materials having different densities. Here, the difference in density is not due to the chemical nature but to the different level of porosity in the extruded rods. For the evaluation of the elastic constants and for the simulations, upper and lower limits of densities resulting from our production method were utilized. The results show that higher density means higher elastic stiffness and consequently higher stress level. However the difference of stress level that results from the measured range of densities is generally low (mostly below 5%).
The severity of the quench is mostly dictated by the amplitude of the temperature variation imposed to the specimen. A higher ΔT produces a higher maximum stress.
The influence of heat transfer coefficient characterizing the quenching media is of the second order in the present conditions. This is very different from what is obtained with an isotropic material for which the transient regime is entirely responsible for the maximum stress. The maximum stress is only a function of the imposed ΔT because, in the conditions encountered in our fabrication process, the heat transfer coefficient is not high enough to produce a transient stress higher than the one obtained at the steady state. Another trend that is observed in all cases is the lack of effect of the disc thickness on the maximum stress value. Again, this is very different from what is observed with isotropic materials for which decreasing the thickness reduces the Biot number and therefore, reduces the severity of the quench. The small differences obtained here can result from meshing details of the model and/or from the reduced triaxiality of the state of stress.
Because of its possible impact on the integrity of the material, it becomes extremely pertinent to understand the evolution of stresses during quenching in the context of metallizing and soldering operations in the fabrication of TE modules. The nickel coating used as diffusion barrier is often obtained by electro-or electroless plating in hot aqueous solutions. The production of soldering layer on Ni-coated thermoelectric alloys can be done easily by hot dipping in a molten soldering alloy bath. The stress level caused by the quenching could lead to the materials brittle failure if their mechanical strength is not sufficiently high. In the case of extruded polycristalline materials, we already reported [3] strength values obtained by three-point bending tests in the range of 40-60 MPa and 90-100 MPa for orientation of the fracture plane perpendicular to radial and axial rod directions respectively. The mechanical strength of p-type materials proved to be lower than that of n-type materials. We notice from the values in Table 5 that direct quench in molten soldering bath from ambient temperature results in all cases in fracture of disc specimens. This behavior was also observed experimentally. However, if step changes in temperature are imposed to the specimens, the lower ΔT of each step will lead to acceptable stress level. A heating sequence can then be followed in the production of modules of different thickness to limit the risk of failure. The stress level returns to zero (if it was the initial condition) when the specimen is cooled after metallization and soldering. It is not known if the rods actually contained residual stresses due to the hot extrusion process. It could be assumed however that the slow cooling after extrusion allows stress relaxation. Similar considerations could be taken into account in the design and operation of TE modules. The use of thinner modules would probably result in higher thermal gradient causing stress cycling in the normal utilization of modules. Thus, the use of numerical simulations for the prediction of the modules behavior under expected operating conditions becomes essential for module design.
Conclusions
The present research work enables the development of numerical simulation to evaluate the behavior of thermoelectric Bi 2 Te 3 based alloys in different processing conditions such as metallization, soldering and modules operation. The calculations take into account the complex materials anisotropy resulting from the polycrystalline texture of the extruded rods produced by the powder metallurgy approach we developed in our laboratory. Among the various thermal and mechanical properties that are given for future work, this paper also suggests a processing approach for metallization and soldering in order to diminish the risk of materials failure in response to thermal shock. Heating of disks by progressive steps would reduce the amplitude of thermal stress caused mainly by anisotropy of the coefficient of thermal expansion in the radial and tangential rod directions. This becomes more important for the development of thinner modules since the stress level in thin discs is higher.
The properties presented in this paper can also be used advantageously in the design of single and multi-stage modules. The evaluation of stress level in the legs of the modules by numerical simulation will allow defining technical limitations in terms of materials strength. The reliability of TE modules evaluated experimentally in the laboratory can also be correlated with simulation results to validate a convenient approach to device design.
